A well-defined boundary condition is important for generating an accurate model for simulating metal forming process. It is important to characterize the features of the oxide scale in hot rolling of stainless steel strip. Short time oxidation tests in humid air with water vapor content of 7.0 vol. % were carried out using Gleeble 3500 thermo-mechanical simulator. The deformation, surface morphology of oxide scale, and the friction in hot rolling were studied by conducting hot rolling tests. The results show that the surface roughness decreases with an increase of reduction. The effect of oxide scale on friction and surface roughness transfer in hot rolling depends on oxide scale generated during reheating. When reheating time is increased, the average thickness of oxide scale increases and a relatively rough surface was obtained after hot rolling. Thick oxide scale of 301 steel shows the high lubricative effect.
Introduction
Metal forming is an important process for producing products with wide applications such as in building, vehicles, electronic, instrument industries and so on. In metal manufacturing including hot and cold strip rolling processes, the contact friction is of crucial importance for the accurate modelling, optimum design and control of practical rolling processes. Friction has a relationship with the rolling force and its distribution, it affects the roll gap and roll wear significantly. As a result, the shape, profile, dimensional accuracy and surface quality of the rolled strip are affected by friction as well.
A well-defined boundary condition is vital for generating an accurate model for simulating metal forming process [1, 2] . It is important to characterize the features of the oxide scale in hot rolling of stainless steel strip. Conventional stainless steels are grouped within the chromia-forming alloys, which form a Cr 2 O 3 layer that protects the bulk against corrosion up to 627°C [3] . The scale layers influence the friction condition and heat transfer at the interface between the strip and the roll [4] . As a result, the rolling force and friction condition depend on the thickness and the microstructure of the oxide scale. During hot strip rolling of stainless steels, thick oxide scales (primary scale) formed on the slabs during reheating are removed by a hydraulic descaler prior to the roughing process. Secondary scales formed in the process of roughing rolling are removed by two high-pressure steam descalers immediately after the roughing rolling mill and before the finishing mill respectively. Tertiary scales formed during finishing rolling are retained to room temperature after laminar flow cooling and coiling [5] .
Although several descaling approaches have been proposed, they cannot always remove the oxide scale before rolling. The deformation behaviour of the oxide scale is an important topic in hot strip rolling, which may depend on oxide scale thickness, constitution and some rolling parameters [6] . The mechanical properties of oxide scale are attributed to temperature [7] [8] . The deformation or fractures of oxide scale affect the roll-strip interface behavior significantly [6] . As the oxide scale formed during finishing process is not fractured but adheres well to the steel substrate, and it is believed to be deformable during finishing rolling. The deformation or fracture of oxide scale affects the interface between the roll and the strip due to (a) the thermal conductivity of oxide scale is much less than that of steel substrate, (b) the crack in oxide scale enables hot substrate to contact with the cold roll, and (c) possibility of sliding of the fractured oxide scale raft on substrate [6] .
Few studies have been carried out to characterise the oxidation and deformation behavior of the oxide scale in hot strip rolling of stainless steels. The mechanism of formation of the complex multilayer structure of oxide scale of 302 steel under the hot rolling condition in Steckel Mills was proposed as being associated with a cycle oxidation pattern [9] , and the effects of temperature, deformation, and furnace atmosphere including humidity were discussed [10] .
Surface roughness is a core quality feature of hot rolled steel strip. The order of magnitude of the influence of oxide scale layers on surface roughness under lubricated rolling conditions is still required to be investigated. In practice, oxide scale is playing a growing importance in determining the surface quality of the hot strip. A number of factors, including porosity, oxide scales present in the layer, and the chemical composition of the steel influence the formation of wustite [11] , determine the strength of the oxides scales and therefore the coefficient of friction. Friction coefficient during hot rolling of 430 ferritic stainless steel decreases as the oxide scale thickness increases at 900 and 1000 °C, but increases as the oxide scale thickness increases at 1100 °C [12] . It was noted that the effect of oxide scale on friction of stainless steel might be more complicated than that of carbon steel. Yu and Lenard [13] investigated the influence of oxide scale on the coefficient of friction in hot rolling of carbon steel strip. It stated the most significant parameter determining the coefficient of friction is the thickness of oxide scale layer between the rolled stock and the work roll.
This study focuses on the deformation of oxide scale and roll-strip interface characteristics in hot rolling of austenitic stainless steel 301. Short time oxidation tests were carried out, and the oxidation characteristic of 301 in humid air at the temperature of finishing rolling was studied. The morphology and thickness of oxide scale layer were obtained from the hot rolling tests. The friction conditions at the roll-strip interface in hot rolling were investigated.
Experimental
The main chemical compositions of the received 301 steel are shown in Table 1 . Short time oxidation. Short time oxidation tests were conducted on Gleeble 3500 thermo-mechanical simulator. A humid air generator was adopted to generate controllable humid atmosphere in the Gleeble chamber for the first time, in which the water vapour content can be adjusted. The water vapor contents between 7.0 and 19.5 vol. % in humid air are relevant to hot rolling of plain carbon steel [8] . During hot rolling of stainless steel, the cooling water is off between the finishing rolling stands in many cases, and only the cooling water for work roll drops on the hot surface of stainless steel. The water vapor content was set as 7.0 vol. % in this study.
In order to mount the sample in the chamber, dogbone specimens were manufactured as shown in Fig. 1 . The surface finish is 0.6 µm. The specimen surface was ground using SiC paper of 2400 mesh to remove the existing thin oxide protective film, degreased in an ultrasonic cleaner, washed in water, ethanol then dried immediately before tests. Vacuum was acquired at first. Each sample was then heated to 1200 °C at 10 °C/s, and held for 120s while argon was released into the chamber. The
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Advances in Materials Processing X temperature was decreased to the required oxidation temperature which is 1100 °C for 301 steel. Humid air was released and kept flowing into Gleeble chamber in 1.7 x 10 -4 m 3 /s for 160, 320 and 640 s. At the end of oxidation test, argon flow was switched on to stop any further oxidation. The sample was cooled to room temperature at 10 °C/s. Hot Rolling. The specimen size for hot rolling is 400 × 100 × 10 mm and the surface roughness R a is around 0.5 µm. Hot rolling tests were carried out on a 2-high Hille 100 experimental rolling mill. The roll diameter and the roll barrel length were 225 and 254 mm, respectively. The reheating temperature for 301 steel was 1100 °C. The entry temperature was 50 °C lower than the reheating temperature. The maximum reduction was 30 %, and the rolling speed was 0.72 m/s. The specimens were put into a cooling box with full of nitrogen gas immediately after rolling or reheating for preventing further oxidation.
The oxidation of stainless steel shows high sensitivity to the humidity in the furnace [14, 15] . In order to create a stable atmosphere, humid air with 12.0 vol. % water vapor content was kept flowing into the reheating furnace for generating a stable atmosphere in furnace [14] . The temperature of whole steel specimen should be uniform after reheating. Taking into account of the thickness of the rolling steel specimen, the reheating time in this study was set as 25 and 35min to obtain relatively thin and thick oxide scales, respectively. No descaling was applied before hot rolling test.
Results and Discussion
Oxide scale after short time oxidation. The cross section of oxide scale before and after rolling was observed and the thickness was measured. The cross section of the oxide scale of 301 steel formed at 1050 °C in humid air in which the water-vapor content is 7.0 vol.% is shown in Fig. 2 . The oxide scale is generally uniform and three layers can be distinguished, i.e. outer oxide scale layer, inner oxide scale layer and incomplete oxide layer, as shown in Fig. 2(c) . The incomplete oxide layer is a transition layer between the inner oxide scale layer and steel substrate. Unfortunately, outer oxide scale broke and most outer scales split away in the process of cooling. The oxidation increases with an increase of time. When the time at temperature (TAT) in humid air is from 160 to 640s, the thickness of incomplete oxide layer is 4 -7 µm, the thickness of inner oxide scale layer is 2 -6 µm, and the thickness of outer oxide scale layer segment varies from 2 to 5 µm. Morphology of oxide scale after hot rolling. The oxide scale is not form on the surface of each specimen uniformly after reheating in some cases. Because in-situ observation cannot be carried out during hot rolling tests, it is impossible to measure the thickness of oxide scale at a certain position before rolling then measure again at the same position after rolling. The measurement before and after rolling depends on different specimens. The oxide scales of stainless steels especially austenitic ones split away in the process of cooling, which causes false observation results. In order to solve this problem, a novel experimental method has been developed to obtain the cross section of the oxide scale of the rolled sample as described in [15] .
The microstructure of the oxide scale of 301 stainless steel before and after rolling when the reheating time is 25 and 35 min is illustrated in Figs. 3 and 4 respectively. The reheating temperature is 1100 °C and entry temperature is 1050 °C. The oxidation resistance of 301 steel in the humid air in which the water vapor content is 12.0 vol.% at 1100 °C is low. The oxide scale is thick and generally uniform. Three layers can be distinguished in most pictures. The outer oxide scale layers are detached from the inner oxide layer in the unrolled specimens due to the impact and buoyancy resulted from the resin flow in the process of cold mounting. Both the number and size of the voids in the outer oxide scale layer are larger than that in the inner oxide layer. The incomplete oxide scale layer is thin and the difference between the incomplete layer and the inner oxide scale layer is vague. When the reheating time is 25 min, the average thickness of the inner oxide layer is about 45 µm and that of outer oxide scale layers is about 39 µm before hot rolling. After hot rolling at the reduction of 9.92 -29.9 %, the average thickness of the inner oxide layer is 16 -32 µm, and that of outer oxide scale layer is 15 -26 µm. The detachment of the outer oxide scale layer from the inner oxide layer does not happen in the rolled specimens, but there are a few breakings in the outer oxide scale layers. When the reheating time increases to 35 min, the average thickness of the inner and outer oxide layers increases to about 63 µm and 45 µm respectively before hot rolling. After hot rolling at the reduction of 9.59 -30.1 %, the average thickness of the incomplete oxide layer is 32 -58 µm, and that of oxide scale layers is 20 -42 µm. The detachment of the oxide scale layers from the incomplete oxide layer always happens when the reduction is around 10%.
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Advances in Materials Processing X Surface roughness and friction coefficient. The rough outmost surface of oxide scale before rolling becomes smooth after rolling. Surface roughness of the stainless steel sample after hot rolling test was measured using Hommel Tester T1000 wave. The vertical resolution is 0.01 µm. The surface roughness of oxide scale immediately before hot rolling was not acquired because the oxide scale always breaks up or split away in the process of cooling, which changes the surface roughness significantly. Only the surface roughness after hot rolling was measured and shown here. The surface status does not keep constant at all positions on each sample because the distribution of oxide scale on the surface is not very uniform. It was found that some surface areas were relatively rougher than other area especially when reduction was 10 and 20 %, and the rougher area usually appeared dark red. This may be because the outmost Fe 2 O 3 oxide scale layer does not experience enough compression, and still break up during cooling. In order to compare the surface status under different reductions, the relatively smooth surface area on each sample was measured in all cases. However, the surface roughness measurement is more qualitative than quantitative.
The relationship between R a along rolling direction and rolling reduction is shown in Fig. 5 . Generally, the values of R a decrease with an increase of reduction. This shows that the height of the surface asperities of oxide scale decreases with an increase of reduction. On the other hand, the compactability of oxide scale increases with an increase of reduction, which can help reduce the breaking in the oxide scale layer, and also has a contribution to the decrease of surface roughness. 10 15 20 25 30 When reheating time is 35 min R a is larger than that when reheating time is 25 min under all reductions, because the thickness of oxide scale when reheating time is 35 min is larger than that when the reheating time is 25 min, and thick outer layer has relatively low compactability and is prone to be broken, which results in relatively rough strip surface after hot rolling.
A calculation code developed by Alexander on the basis of Orowan's model [16] was adopted for inversely determining the coefficient of friction in the above processes of hot rolling. It is capable of handling the mixed boundary condition at the roll-materials interface. The friction coefficients vary until the calculated rolling force is less than 1 % error with the measured one in each case. The relationship between the reduction and calculated friction coefficient during the process of hot rolling is shown in Fig. 6 . The calculated values of friction coefficients decrease with an increase of rolling reduction. When the reheating time is 35 min, which results in thick oxide scale, the difference of the values of friction coefficient between the reduction of 10 and 20 % is much larger than that between 20 and 30 %. This means that the thicker oxide scale shows higher lubricative effect and the structure of oxide scale of 301 steel becomes stable after hot rolling at the reduction of 20 %, so the lubricative effect also becomes stable.
Summary
The morphology of oxide scale of austenitic stainless steel 301 under the condition of short oxidation test and hot rolling test was studied. Surface roughness and friction coefficients in hot rolling were obtained. After 160 to 640s in humid atmosphere in which the water vapor content was 7.0 vol. %, the oxide scale of 301 steel formed at 1100 °C is generally uniform. Outer oxide scale layer, inner oxide scale layer and incomplete oxide layer can be distinguished. The thickness of each layer is 2-7 µm. The oxide scale of 301 steel is thick and generally uniform after reheating for 25 and 35min. The oxide scale thickness and surface roughness decrease with an increase of reduction in hot rolling tests. Thick oxide scale layer has relatively low compactability and result in relatively rough strip surface after hot rolling. Thick oxide scale of 301 steel shows high lubricative effect, and the friction coefficients decrease with an increase of reduction.
